In this paper the investigations of the ordering, microstructure and magnetomechanical properties of the Fe 80 Ga 20 alloy and its composites are presented. The composites consisted of the Fe-Ga particles with a size distribution in the range between 20 and 50 µm. These particles were produced by blade-milling of arc-melted alloy. After milling the powders were annealed at 723 K for 2.5, 7.5, and 12.5 h. The epoxy-bonded composites in rectangular shape were made from the as-cast as well as from the annealed powders. The Mössbauer spectroscopy studies revealed that the as-cast alloy is completely disordered. After annealing at 723 K the long range atomic order appeared. It was stated that the best magnetoelastic properties were exhibited by composites made from ferromagnetic particles obtained from the as-cast alloy. The measured saturation magnetostriction was λs = 70 × 10 −6 for the bulk alloy and λ s = 100 × 10 −6 for composite.
Introduction
It has been recognized that substituting approximately 20 at.% of nonmagnetic Ga for Fe in bcc solid solution resulted in a tenfold increase in magnetostriction, λ s , over that of Fe and twofold increase in λ s in comparison with that for Fe-Al alloys [1, 2] . It is commonly believed that Ga-Ga pairing is responsible for this effect in the case of Fe-Ga alloys near 19 at.% of Ga. The further increase in Ga amount in Fe-Ga alloy (≈ 25 at.%) resulted in creation of an ordered DO 3 phase and deterioration of magnetoelastic properties [3] .
The single crystals of Fe-Ga (up to ≈ 19 at.% of Ga) have been shown to exhibit magnetostrictive strains up to 400 × 10 −6 along the 100 crystallographic direction with relatively low saturating fields [2, 4] . The Fe-Ga alloys have most of the required characteristics of good magnetostrictive transducer materials due to their large saturation magnetostriction at low saturation fields, high mechanical strength, and good ductility. They may be useful in magnetostrictive actuators and sensors, for example linear motors, damping devices, torque sensors, speakers and microphones. These alloys also exhibit good corrosion resistance [5, 6] .
A significant problem with metallic magnetic actuators is eddy current loss when actuated at high frequencies, which significantly limit their useable bandwidth to typically less than 1 kHz. A solution to this problem is to embed the magnetic particles in a non-conducting binder (i.e. create so-called 0-3 composite). Magnetic composites represent a large group of materials consisting of ferromagnetic or superparamagnetic particles dispersed in non-ferromagnetic matrix. The mechanical and magnetic characteristics of these materials depend on the properties of both the particles and the matrix. The smaller particle size substantially reduces eddy currents without a significant lowering of the magnetostriction [7, 8] .
Composites of epoxy-bonded Fe-Ga alloys possess additional benefits of easy manufacturability and low material costs.
In this paper we present studies of the microstructure and magnetic properties of bulk and epoxy-bonded Fe-Ga particle composites.
Experimental procedures
Ingots of the initial Fe 80 Ga 20 alloy were obtained by arc melting of high purity components. In order to achieve the homogeneity the ingots were remelted several times. Subsequent blade-milling in an argon atmosphere and sieving of powders provided particles in the size range of 20-50 µm. After blade-milling, the powders were annealed at 723 K for 2.5, 7.5 and 12.5 h. The various composites were made from powders directly after blade-milling and after each stage of annealing. The powders were mixed with an epoxy binder and compressed under a pressure of 120 MPa to obtain rectangular samples with dimensions of 10 mm × 40 mm and thickness of 7-10 mm. Compaction was carried out without an applied magnetic field. The volume fraction of the Fe-Ga powder used was nominally 0.80.
The microstructure of the powdered alloy was studied using the Mössbauer spectroscopy. This technique was chosen because X-ray diffraction is relatively insensitive to ordering in Fe-Ga alloys (i.e. the atomic scattering factors in this system result in extremely weak superlattice peaks). The Mössbauer studies were carried out for the powders obtained from the as-cast alloy and after annealing at 723 K for 2.5, 7.5, and 12.5 h. The saturation magnetostriction (λ s ) of the bulk alloy and its composites was measured using a standard strain gauge technique. All investigations were performed at room temperature.
Results and discussion
It is well known that the Fe x Ge 1−x alloys exhibit a strong correlation between the structure and their magnetoelastic properties. In order to examine the existence of the ordered phase in this alloy, the Mössbauer spectra for Fe 80 Ga 20 powders were obtained.
All Mössbauer spectra of FeGa powders have the Zeeman sextet shape with broadened lines (Fig. 1 ). They were decomposed into five independent elementary subspectra corresponding to iron atoms having n = 0, 1, 2, 3 or 4 gallium atoms in their nearest neighbourhood (NN). The hyperfine interaction parameters obtained from the Mössbauer spectra analysis are shown in Table. It may be added that the values obtained for Fe 80 Ga 20 powders annealed for 12.5 h were almost the same as for the samples annealed for 7.5 h (they are not presented in Table) .
Taking into account the values of the hyperfine magnetic field induction and the isomer shift of the elementary sextets (Table) and using the additive model [9, 10] 
where B Fe m is the hyperfine magnetic field induction of pure iron, n is the number of Ga atoms in the first coordinating zone of an Fe atom, ∆B Ga is the change of elementary Zeeman sextets with these experimentally achieved, the type of superstructure and its order parameter can be determined. In the case of the DO 3 superstructure Int(n) depends on the probability (γ) of finding a Ga atom in the NN zone of an Fe atom in this type of superstructure [11] as follows:
where c is concentration of Ga atoms in the alloy. The Bragg-Williams long range order parameter (S) [12] can be calculated as
while for short range ordered structure
where α 1 is the Cowley-Warren short range order parameter for first coordination zone [10, 13] .
In the case when mixture of ordering occurs the relative intensities Int(n) of the elementary Zeeman sextets can be described as
where V is the volume fraction of the sample occupied by the DO 3 -type ordered phase.
From the analysis of the relative intensities of the elementary sextets (Table) it can be seen that in the as-cast powdered samples the atomic ordering does not occur. However, for the annealed powders the DO 3 -type superstructure (V = 0.5) with the Bragg-Williams long range order parameter S = 0.8 and antiphase boundaries are observed. It is worth adding that in these boundaries short range atomic order is present. The results from this analysis show that in the first coordinating zone of an Fe atom a larger number of Ga atoms are present than is expected from consideration of the Ga concentration in the sample. The Cowley-Warren short range order parameter of this type of antiphase boundaries is α 1 = −0.2. After annealing the powders for 7.5 and 12.5 h only an increase in the short range order parameter is observed (α 1 = −0.4).
The investigations indicate that the best magnetoelastic properties are obtained for the composite made from the as-cast powder. The saturation magnetostriction observed for this composite is equal to λ s = 100 × 10 −6 (Fig. 2 ), while λ s = 70 × 10 −6 for the bulk alloy. When the magnetic field decreases the magnetostriction of composites samples exhibits magnetostriction hysteresis. The hysteresis may be associated with a mechanical interaction between the epoxy matrix and the metallic Fe-Ga particles. The processes of creep and relaxation of the epoxy matrix may influence the observed magnetostriction hysteresis. A change of the sample size is accompanied by the elongation of the walls of the epoxy-matrix existing between the particles in composite. As the matrix walls become thinner the stress to which they are subjected increases. An additional elongation of the sample occurs when it is placed in a magnetic field. It may be supposed that during decrease in the magnetic field the elongated matrix walls exhibit a tendency to relax stress, which is observed as creep effect. This effect will be more pronounced at larger volume fractions.
Conclusion
From the Mössbauer spectroscopy studies we have concluded that Fe 80 Ga 20 alloy obtained by blade-milling of arc melted ingots does not exhibit atomic order. However, after annealing of the powders a mixture of DO 3 -type superstructure and a short range ordered phase occur. Moreover, we have found that best magnetoelastic properties are exhibited by composites made from ferromagnetic powders obtained from the as-cast alloy. The measured saturation magnetostriction was λ s = 70 × 10 −6 for the bulk alloy and λ s = 100 × 10 −6 for composites fabricated from these powders.
